We demonstrate theoretically a 2D subwavelength silicon-grating reflector with strong focusing capability and the potential application to an optical dipole trap of cold molecules such as MgF. We study the dependence of the focusing properties of this reflector on its structural parameters, numerical aperture, and fabrication-error tolerance. Our study shows that the reflector delivers high reflectivity and strong focusing performances with the maximum intensity at the focal point over 200 times the incident one. Such a focusing field on the reflector can provide a deep potential to trap cold MgF molecules from a standard magneto-optical trap.
INTRODUCTION
Metasurfaces are subwavelength arrays of thin optical elements (either dielectric or metal) [1] [2] [3] . By adjusting the geometric parameters of the structural element, such as shape, size, and orientation, we can locally divert the phase of the incident light to control the reflected or transmitted wavefront. So, one can design the structural element to interact with the components of electric and magnetic fields independently to control the polarization, phase, amplitude, and dispersion of the light [4] [5] [6] [7] . Due to their versatility and design flexibility as well as straightforward fabrication, metasurface-based optics can potentially replace or complement their conventional refractive and diffractive counterparts. Metasurface-based lenses have attracted considerable attention. For example, Yin et al. achieved an in-plane focusing by exciting plasmon interference through a series of holes [8] . In-plane focusing with circular/elliptical slit apertures was also reported by Liu et al. [9] . More reports studied that the visible light was focused in the far field by using quasiperiodic arrays of nanoholes [10] . Although significant progress has been made on the plasma surface, the low transmission efficiency at visible and near-infrared wavelengths limits its practical application [11] . These problems can be solved by using dielectric metasurfaces [12, 13] . Due to their large index of refraction and sophisticated manufacturing techniques, silicon-based metasurfaces have prospects to realize metalenses, especially in the near-infrared region [14] [15] [16] [17] . A 1D amorphous silicon flat focusing grating reflector for which the period and duty ratio of the grating elements gradually change from the center of the lens to the edge has been reported in theory [15] and experiment [16] . A 2D focusing subwavelength grating with high numerical aperture and reflectivity has been studied theoretically, whose focusing ability can be controlled by the period and duty ratio of the grating [18] . Another concave-reflective focusing silicon reflector with varying thickness of the grating has also been proposed [19] . However, due to the high phase dispersion of their building blocks, metasurfaces suffer significantly from large chromatic aberration. Only recently have achromatic metalenses successfully been realized over the visible region and infrared band of 1.2-1.68 μm [20] [21] [22] .
Our focus in this report is toward surface optical control on the planar metasurface with confined and enhanced fields. Our studies differ from previous work in that we optimize three parameters, the period, duty ratio, and thickness, by which we can get more precise phases. Then we can choose the phase value with high reflectivity and closer to the ideal phase, which can obtain the strong focusing ability. We also consider the impact of a fabrication-error-tolerant design on the focusing performances and discuss the application to trapping cold molecules. It is well known that when an atom (or molecule) moves in an inhomogeneous light field, it will experience an optical dipole force and be attracted toward the maximal optical field. The focusing optical fields form the conservative traps with much smaller trap volumes and controllable trap depths for cold atoms (or molecules), offering nearly state-independent trapping potentials. Such a strong focusing optical field reflected by the metasurfaces can provide a deep potential to trap the cold atoms (or molecules), so it would be interesting and worthwhile to design some controllable optical traps based on the metasurfaces and explore their potential applications in the fields of cold atoms (or molecules). Recently, focusing optical field based on planar diffraction of a grating reflector has been used to achieve magneto-optical trap (MOT) of Rb atoms [23] [24] [25] .
In this paper, a novel scheme of optical trapping of cold molecules by using a planar metasurface reflector is demonstrated theoretically. We study the properties of the concentric reflective focusing silicon grating on its thickness, period, and duty ratio, and we contrast the focusing properties with different numerical aperture of the reflector. We also study the effect of missing grating strips on the focusing characteristics of the reflector. Finally, we discuss the feasibility of this aperiodic, thickness-variation annular grating reflector serving as an optical dipole trap for MgF molecules.
DESIGN AND SIMULATION OF THE PLANAR METASURFACE REFLECTOR
When the light is illuminated at the focusing grating, the reflected light will be converged at the focal point if the phase distribution of the reflected light on the surface of the grating satisfies Eq. (1) [26] :
wherein λ is the incident wavelength, f is a given focal length, x is the distance to the center O of the grating, and φ 0 is the reflection phase shift of the grating center O. An aperiodic, thicknessvariation concentric-focused grating design process is straightforward. We shall design a 1D reflective focusing grating with variant thickness, period, and duty ratio; then we extend the 1D grating to the corresponding 2D concentric one (the 1D infinitely long grating illuminated by TM polarized light and the 2D concentric grating illuminated by radially polarized light). The specific procedures are as follows: First, we use the rigorous coupled wave analysis method to determine the reflectivity and reflection phases of a 1D infinitely long grating with varying thickness, period, and duty ratio. Next, according to Eq. (1), we can obtain the phase shift in different positions given the focal length of the focusing grating to be designed. Then, according to the ideal phase shift as a function of different positions, the grating bar with different structure parameters (period Λ, thickness h, and duty ratio η) is chosen to match the phase of the corresponding position (at the same time, the high reflectivity is satisfied). Φx n has the form of Eq. (1). The relationship of these parameters can be written as Eq. (2),
Finally, the phase of the grating surface is changed from 0 to 2π through the selection of these grating bar parameters.
According to the design process, we first present an aperiodic, thickness-varyng, and high contrast reflective focusing grating with a focal length of 10 μm under the incident 1550 nm radial polarized light. The grating reflector has a diameter of 44.11 μm, comprising concentric silicon gratings whose refractive index is 3.48 and the silica substrate with a refractive index of 1.54. The cross section of the designed grating reflector is schematically illustrated in Fig. 1(a) . Figures 1(c)-1(e) show the relation between the phase shift and the thickness, period, and duty ratio of the grating, respectively. We can find that at the period of 0.676 μm and duty ratio of 0.68, the reflectivity of the grating is more than 80% when the thickness varies from 0.27 to 0.67 μm over the phase shift of 2π − 0 in Fig. 1(c) . In Fig. 1(d) , at the thickness of 1.2 μm and duty ratio of 0.57, the reflectivity is more than 90% when the period varies from 0.56 to 0.95 μm over the phase shift of 1.88π to −0.6π. Finally, in Fig. 1(e) , we can see that at the period of 0.6 μm and thickness of 1.2 μm, the reflectivity is more than 95% when the duty ratio varies from 0.34 to 0.49 over the phase shift of 1.47 − 0.37π. Due to the diversification of the parameters of the grating strip, we can achieve better focusing while maintaining a higher reflectivity by selecting grating strips with more than 90% reflectivity and more accurate phase.
We study the focusing characteristics of this grating reflector, and the results of the simulation are shown in Figs. 1(b) and 1(f ). Figure 1(b) shows the field distribution of the cross section on the x − o − z plane. Most of the incident light is reflected, and the overall reflectivity of the grating is ∼81.2%. The focal length is about 10.15 μm, close to the designed 10 μm focal length. This is because the phase shift distribution, controlled by this reflector, is discrete rather than continuous. Figure 1(f ) shows the 1D relative optical intensity distribution on the cut plane when z 10.15 μm. The light spot has a fullwidth at half-maximum (FWHM) of 0.85 μm. The maximum optical intensity at the focal point is over 200 times the incident light intensity.
A silicon grating reflector can produce extremely high wideband reflection (or transmission) in the incident direction (or in reverse direction) and ultrahigh quality factor resonances. Here, we first discuss the focusing properties of gratings with different numerical aperture NA sintan −1 D∕2f , where D is the width of the reflector and f is the focal length. We design many silicon gratings with the focal length of 10 μm and different numerical aperture according to the approach. At an incident power of 0.5 W for 1550 nm, we study the effect of different numerical aperture on the focusing optical field intensity. The simulation results are shown in Fig. 2 . Figure 2(a) shows the reflectivity of different numerical aperture reflectors. We can find that the reflectors have high reflectivity, ranging from 79% to 81.9%. Figure 2(b) shows the relative maximum electric field intensity and the corresponding FWHM at different numerical aperture. We can see that as the numerical aperture increases, the optical intensity at the focal point increases first and then decreases. The FWHM gradually declines and eventually remains unchanged. The optical intensity reaches the maximum at the focal point when the numerical aperture is 0.91. This because as the radius of the grating reflector increases, the phase on the grating surface changes more than 2π, which is more conducive to converging light to the focusing point. However, as the reflector numerical aperture further increases more than 0.91, the field intensity gradually reduces. This is because the modulated phase of the grating strip near the edge does not reach an integral multiple of 2π, so the entire reflector deviates from the accurate phase modulation.
We study the focusing characteristics, such as the reflectivity and focal length, of the reflector on the incident wavelength. When the incident wavelength increases, the focal length becomes smaller, from 11 μm at 1490 nm to 7 μm at 1760 nm. The bandwidth Δλ∕λ of the reflector at wavelength of 1490-1760 nm is about 17.42%.
For the influence of the missing number of the grating strips on the focusing performance of grating reflectors, at an incident power of 0.5 W, we randomly select the grating strips to make them missing to investigate the corresponding intensity of the focusing point. The theoretical simulation results are shown in Fig. 3 . We can see that for a grating reflector with a focal length of 10 μm, the relative maximum field intensity of the focusing point does not change much when a few numbers of the grating strips are absent. However, as the number of the missing grating strips increases, the relative maximum field intensity decreases. For the grating reflector with a focal length of 20 μm, the relative maximum field intensity hardly changes when the number of the missing grating strips increases. Although the grating reflector with 10 μm focal length has larger focused field intensity than the one with a 20 μm focal length, the error of the grating strip has less effect on the 20 μm grating reflector. This is because the diameter of the reflector with 10 μm focal length is much smaller than the one with a focal length of 20 μm, which means the former consists of much fewer numbers of strips than the latter. So, for the former, the missing seven strips have a large effect on their phase modulation.
APPLICATION TO TRAPPING COLD MOLECULES
Either atoms or molecules in inhomogeneous fields will be subjected to a dipole effect, and the atoms (molecules) are drawn to the maximum of the light field under the action of this force [27] . This kind of reflective grating with a strong focusing ability provides a deep potential for trapping cold molecules. Here, we discuss the feasibility of this aperiodic, thickness-variation annular grating reflector, which serves as an optical dipole trap.
When a neutral molecule enters into an inhomogeneous light field, it will experience an optical dipole force, which is described by an optical trapping potential [27, 28] :
wherein α is the molecule polarizability, p is the dipole moment, and I r is the optical intensity. The dipole force results from the gradient of the potential, a conservative force, and is proportional to the intensity gradient of the field. When the light field is red detuned, the interaction potential is abstractive, and the molecules will be attracted to the maximum of the light field. Therefore, molecules will be trapped in a red-detuned focusing point. The time averaged force calculated by the stress tensor method and by the dipole force method can lead to the same total force [29] [30] [31] [32] . However, due to the further resonance of the laser frequency, caused by the spontaneous scattering of the far red-harmonic laser field, the heating is considered as the main cause of molecule loss in the dipole trap. To quantify the effect, we should ensure the scattering rate. Despite the complexity of the real MgF molecule system, the scattering rate, R, given by the solution to the rate equations is well described over a wide range of intensity and detuning by a function of the same simple form [33] ,
Here, I sat is the saturation intensity, ω 0 is the frequency at resonance, and Γ is the natural linewidth of the dominant transition to the ground state (for MgF molecules, Γ 2π × 22.2 MHz [34, 35] ). Taking MgF molecules as an example, at the incident power of 0.4 W for 1550 nm, we can calculate the optical potential and the dipole force according to Eqs. (3) and (4). We also can calculate the scattering rate according to Eq. (5). The results are shown in Fig. 4 . We get the maximum dipole potential for about 1.1 mK, which is high enough to trap cold MgF molecules from a standard MOT with a temperature of 532.7 μK. The corresponding dipole force is F dipole 5.4 × 10 −22 N , which is at least 7500 times the gravity force exerted on an MgF molecule. This shows that the dipole force is strong enough to balance the action of the gravity force on the molecules. In addition, the maximum photon scattering rate of MgF molecule in the optical trap is lower Fig. 3 . Influence of the missing number of grating strips on the focusing characteristics of the reflector. The red and black lines depict the relative maximum optical intensity of the reflector with a focal length of 10 μm and 20 μm at the missing of the grating strips, respectively. than 1/s. When molecules are close to the surface of a reflector, some quantum effects, such as van der Waals potential, occur between the molecule and the grating. Actually, the van der Waals potential between them is very small, which is about 10 −3 mK order of magnitude. So the Van der Waals potential has a low effect on trapped molecules.
Here, we propose a possible experimental setup to show the loading and trapping process of cold molecules in Fig. 5 . First, an input beam of 359 nm is diffracted by three identical gratings on the periphery to form the MOT [23] . After that, we let the trapping light of 1550 nm be incident perpendicularly onto the designed circular grating reflector in the center, realizing the optical dipole well. In order to realize the molecule loading, the center of the potential well coincides with the central position of the MOT. Later, we turn off the 359 nm MOT laser and achieve optical dipole trapping for MgF molecules. We can also capture and manipulate viruses, bacteria, and individual cells in a solution with such a focused beam [36] .
CONCLUSION
In summary, we have demonstrated the properties of the 2D concentric reflector in its structural parameters, numerical aperture, and fabrication-error-tolerant design. Our study shows that the grating reflector not only contains high reflectivity and a wide wavelength-tuning bandwidth but also exhibits high focusing ability. Under the incident polarized 1.55 μm illumination, the reflector can generate a focal spot with ∼10 μm focal length and 0.85 μm linewidth. Missing grating strips in a certain range has minimal effect on the focusing performance of the reflector; the broad bandwidth characteristics allow the reflector to tolerate errors in fabrication. Such a focusing optical field on the metasurface reflector can provide the deep potential to trap the cold MgF molecules released from a standard MOT with a temperature of 532.7 μK; the maximum photon scattering rate in the optical trap is lower than 1/s. The optical trap with much smaller trap volumes and controllable trap depths can offer nearly state-independent potentials. This will allow for further laser cooling of trapped MgF molecules and lead to density enhancement for the smallscale volume on the order of the wavelength of the trapping light. It may be even feasible to achieve an optically trapped Bose-Einstein condensate of MgF molecules by opticalpotential evaporative cooling [37] .
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